We have previously shown that oxide semiconductors (for example, TiO 2 , NiO, etc.) exhibit significant catalytic effects when heated at about 350-500
Introduction
Volatile organic compounds (VOCs) are emitted into the atmosphere due to various human activities, mainly unburned fuel from power production, transportation, and solvents from painting or printing industries. Consequently, VOC causes serious environmental issues such as sick house syndrome, photochemical smog, etc. 1) In view of the present situation, we started our investigation on complete removal of VOC and organic wastes utilizing thermally excited holes in oxide semiconductors, for example, TiO 2 at about 350-500 C. [2] [3] [4] [5] [6] [7] [8] [9] [10] The present technology dates back to our accidental finding that the catalytic effect will appear when oxide semiconductors are heated at high temperatures of about C. This is due to the formation of a large number of holes caused by thermal excitation of semiconductors. Lasers, transistors, and diodes are the representative applications of semiconductors; whereas ours is the application which utilizes semiconductive properties at high temperatures.
The availability of a large number of holes at high temperatures in semiconductors will be explained in the following way. The number of charge carriers in semiconductors, for example in TiO 2 , is shown by the product of the Fermi-Dirac distribution function and the density of states.
11) The number of carriers estimated by the above calculation at room temperature (RT) and 350 C [n RT ¼ n 0 expðÀE g =2k B T RT Þ and n 623 K ¼ n 0 expðÀE g =2k B T 623 K Þ, respectively] gives the ratio of n 623 K =n RT % 8:8 Â 10 13 where E g ¼ 5:1 Â 10 À19 J (3.2 eV) is the band gap of TiO 2 of the rutile phase. Figure 1 shows an example of complete decomposition of polycarbonate (PC) used as a substrate for optical discs. 3, 4) The initial process of decomposition is the capture of bonded electrons to form radicals in PC by thermally generated holes, followed by their propagation throughout the substance to break large molecules into fragments. 5) These react then with oxygen in air, resulting in the complete combustion of PC into H 2 O and CO 2 . The present thermal-activation has here two functions: one is to create a vast number of holes at high temperatures, and the other is to fragment a giant molecule into small pieces through radical splitting at high temperatures. In parallel with this oxidation reaction at the band edge of the valence band, the same number of excited electrons in the conduction band must reduce adsorbed O 2 to yield O 2 À in order that the decomposition reaction may proceed continuously in such a way to maintain the electrical neutrality in the system.
The operation temperature of VOC decomposition is closely correlated to the band gap of semiconductor materials. Since our system operates at high temperatures in an oxygen atmosphere, the applicable semiconductors are restricted to oxide semiconductors such as ZnO, SnO 2 , Y 2 O 3 , Cr 2 O 3 , NiO, Fe 2 O 3 etc. Whereas TiO 2 is a good material for VOC decomposition, its operation temperature is relatively high around 500 C because of its large band gap (E g ¼ 5:1 Â 10 À19 J (3.2 eV): rutile phase). 3, 4) In our trial to lower the operation temperature by semiconductors with narrower band gaps, we focused previously nonstoichiometric NiO 1þx 12) (where x denotes the extent of deviation of the stoichiometric composition: 0 < x < 1), because it is green and may have a lower band gap than TiO 2 . In fact, NiO 1þx operated at a lower operation temperature than that of TiO 2 by about 100 C, although the band gap of NiO 1þx is reported to be 6:4 Â 10 À19 J (4.0 eV). 13) The key factor for this operation has been attributed to the existence of Ni vacancies in NiO 1þx that form a narrow conduction band or a deep acceptor level. This prompted us to investigate another green-colored, nonstoichiometric compound, i.e. Cr 2 O 3þx (0 < x < 1). 14) Our preliminary study revealed that Cr 2 O 3þx behaves in a similar way to that of NiO 1þx . The purpose of the present investigation is to fundamentally compensate for our previous study 14) on the basis of electrical and Seebeck measurements of Cr 2 O 3þx in an attempt to elucidate how the low-temperature operation proceeds with Cr 2 O 3þx and also why Cr 2 O 3þx is colored green. 15) was obtained from Korea CNC Ltd.
Sample preparation for the electrical conductivity
and Seebeck measurements Ag electrodes were applied on the top and bottom of the sintered tablet of Cr 2 O 3þx by coating with Ag paste, followed by heat treatment in air at 800 C for 15 min. This sample was used for measurements of the temperature dependences of electrical conductivity and Seebeck potential in the temperature range between room temperature and 500 C. The conductivity measurement was carried out at a constant voltage of 30 V while measuring the electrical current. The Ag electrodes were found to be ohmic at applied voltage above a few hundred mV.
The experimental setup for Seebeck measurement is shown in Fig. 2 . This method determines the dominant carrier by measuring the thermoelectric power that appears between the hot and cold ends of a material. 16) If the potential of the hot end is positive, then the predominant charge carriers are electrons. Conversely, if the potential is negative, the predominant charge carriers are holes. The difference in number between electrons and holes determines the sign of Seebeck potential.
Fixation of powdered Cr
honeycomb substrates A particular suspension described in our previous report 17) was used for the dip coating of powdered Cr 2 O 3þx onto a honeycomb substrate. The suspension comprises a ketonic solvent, a minute amount of nitrocellulose as the dispersant or surface active agent, and Cr 2 O 3þx powders. 10 g of Cr 2 O 3þx powders was dried at 200 C for 1 h to eliminate water moisture. The powder was then suspended in 100 mL of acetone solution containing 0.3 g of nitrocellulose. The suspension was conditioned in the presence of zirconia balls (0.4 mm in diameter) using a 5410 single-arm paint shaker (Red Devil Equipment Co.) for 30 min. After that, a honeycomb unit (26 mm in diameter and 50 mm in length) was dipped in the suspension for 1 min. Then, the Cr 2 O 3þx -coated honeycomb unit was dried at 200 C for 30 min. During this process, the nitrocellulose used was completely removed due to its thermal decomposition around 180 C.
Experiment for VOC decomposition
Figures 3(a) and 3(b) illustrate schematically the equipment for VOC decomposition, using an autoclave for powdered Cr 2 O 3þx , and a pyrex glass tube (26 mm in diameter) for Cr 2 O 3þx -coated honeycomb units, respectively. The volume of the reaction vessel of the autoclave is 300 mL, in which 20 mL of Cr 2 O 3þx powder is charged. The stirrer rotates at 150 rpm. Toluene was used as the representative VOC for the decomposition experiment. The toluene concentration was about 1 vol% and air was used as the carrier gas whose flow-rate was 300 mL/min for the autoclave system and 100 mL/min for the glass tube system. The decomposed gas was analyzed as a function of temperature using an RG-102 quadrupole mass-filter (ULVAC, Inc.) and a GC-2014 gas chromatograph (Shimadzu Corporation.). 
Results and Discussion
3.1 Temperature dependence of electrical conductivity and Seebeck potential of sintered Cr 2 O 3þx The electrical conductivity of sintered Cr 2 O 3þx was measured in air over a range of temperatures extending from RT to 500 C range and the result is shown in Fig. 4 in the form of an Arrhenius plot (log vs 1=kT). The electrical conductivity decreases in the temperature range between RT and 100 C and reaches the minimum at 100 C. This is caused by the decrease in carrier mobility due to phonon scattering. 18) Then, the electrical conductivity increases linearly in the range from 100 C to 500 C at an activation energy of 0:8 Â 10 À19 J (0.5 eV). Note that the conductivity at about 500 C is higher than that at 100 C by about four orders of magnitude. As will be discussed in section 3.3, the thermal bleaching of the green color of Cr 2 O 3þx occurs at approximately 300
C. In addition, toluene decomposition also starts at this temperature, as described below. Figure 6 shows the decomposition characteristics of toluene as a function of temperature. Toluene decomposition is found to start at about 250 C; it proceeds quite rapidly, and then is completed at 350 C while oxygen is consumed and the amount of CO 2 and H 2 O increases. Note that the termination temperature of toluene decomposition in Cr 2 O 3þx is nearly equivalent to that of toluene decomposition in TiO 2 (ST-01 of anatase form from Ishihara Sangyou Kaisha, Ltd.). 4) Also note that the specific surface of Cr 2 O 3þx is only about 3 m 2 /g, whereas that of powdered TiO 2 of ST-01 is about 298 m 2 /g. [3] [4] [5] [6] [7] As is well-known, the specific surface plays an important role in the catalytic reaction, the present result clearly indicates that Cr 2 O 3þx is a superior material for VOC decomposition to TiO 2 . At the same time, the decomposition reaction has been confirmed to proceed continuously while both electrons and holes are consumed simultaneously at the band edge by maintaining the electrical neutrality. Figure 7 shows the decomposition characteristics of toluene with Cr 2 O 3þx -coated honeycomb units as a function of temperature at a flow rate of 100 mL/min. Toluene begins to decompose at about 250 C and the decomposition is completed at approximately 400 C. The amount of O 2 decreases with increasing temperature, while that of CO 2 and H 2 O increases, suggesting the complete decomposition of toluene. Although the onset temperature is slightly higher with honeycomb units than with the powdered system, 14) the complete decomposition terminates at about 400 C. By a separate experiment (not shown here), the present honeycomb unit has been confirmed to exhibit a space velocity (SV) of about 30000/h for 200 ppm ammonia with over 90% decomposition.
Decomposition characteristic of toluene by honeycomb units coated with powdered Cr 2 O 3þx

Requirement for consecutive reactions at the surface
As stated in introduction, both oxidation and reduction must occur simultaneously at the edge of the valence and conduction bands in such a way as to maintain electrical neutrality. This is the key requirement for the surface reaction to persist. We will discuss below how this is achieved in nonstoichiometric Cr 2 O 3þx . 3.3.1 Green color of Cr 2 O 3þx and its thermal bleaching Figure 8 shows the diffuse reflection spectrum of powdered Cr 2 O 3þx in the visible region. There are two broad absorption bands at approximately 470 and 600 nm, showing an absorption dip at about 540 nm. This indicates the green color of Cr 2 O 3þx . Since the band gap is reported to be 5:4 Â 10 À19 J (3.4 eV), 19) it is evident that the present green color is not due to the band-to-band transition, but due presumably to Cr vacancies in Cr 2 O 3þx . At this point, we refer to our interesting finding that the vivid green color of Cr 2 O 3þx disappears when the powder is heated above 300 C (i.e., thermal bleaching). The bleaching typically results in a pale dull-green color. However, the deep-green color recovers reversibly when the powder is cooled down to RT.
Mechanism of coloration and its thermal bleaching
We tentatively interpret below the green color of Cr 2 O 3þx as being due to Cr vacancies, just as in the case of NiO 1þx in our previous report. 12) Cr vacancies are created since a nonstoichiometric composition is thermodynamically more stable than a stoichiometric composition. 11) Figure 9 shows the formation of Cr vacancies (Cr 3þ ! Cr 0 þ 3jej Á , where jej Á denotes a hole) in the lattice of the corundum type crystal structure that yields neutral Cr 0 and three holes. That is, Cr 3þ leaves the crystal by acquiring three electrons in the form of Cr 0 , and these three electrons are taken from the six oxygen atoms surrounding a Cr vacancy. Then, it is possible to form a molecular orbital composed of the lowest 2S and 2P atomic orbitals of the six oxygen atoms. This molecular orbital lacks three electrons. In other words, there are three holes in the molecular orbital. The lattice defect of Cr vacancies can then be regarded as a vacant center called the ''V-center'', which absorbs light in the visible region. The V-center thus formed in Cr 2 O 3þx behaves electrostatically like three negative charges. Then, three holes will be attracted by this cation vacancy and move about it. This qualitatively resembles a lithium atom in reverse, with three central negative charges and three positive holes. The present V-center is the counterpart of the F center caused by a negative ion vacancy with captured electrons, as found in alkali halides such as NaCl and KCl.
11) The green color is then considered to appear from the present V-center. The three absorption bands at approximately 380, 470 and 600 nm (Fig. 8) correspond to the transitions from the ground state to the first, second, and third excited states, respectively.
Then, above 300 C, the thermal bleaching of the green color takes place to give a pale dull-green color. This bleaching closely correlates to the thermal collapse of the V-center that induces the dissociation of holes, allowing the holes to move freely throughout the crystal. That is, the binding energy between a Cr cation vacancy and a bound hole can appreciably be weakened by lattice vibration at about 300 C; this induces the dissociation of bound holes into free holes. In other words, the bound holes are excited to the valence band to become free holes. This corresponds to the excitation of electrons to the collapsed V-center. In short, the V-center is degraded above 300 C, when the degraded V-center serves as a deep acceptor site.
Proposed band diagrams for semiconductive
Cr 2 O 3þx The most important experimental finding for the construction of the band diagram is that VOC decomposition proceeds continuously with thermally activated Cr 2 O 3þx , as shown in Fig. 6 , suggesting that excited electrons can be consumed at the band edge together with excited holes, while electrical neutrality is maintained. On the basis of the temperature dependences of electrical conductivity (Fig. 4) and of Seebeck potential (Fig. 5) , green-color generation and its bleaching (Fig. 9 , V-center model), we propose the following three plausible band-pictures (Fig. 10) , where the E acceptor is taken as twice the activation energy (i.e., E acceptor ¼ 1:6 Â 10 À19 J (1.0 eV)), since both the electrons at the acceptor levels and the holes in the valence band are mobile enough to contribute to the electrical conductivity, as in the case of intrinsic semiconductors. on the six oxygen atoms surrounding a Cr vacancy (see section 3.3.2). Excited electrons are transferred to the surface through the narrow acceptor band, participating in the reduction of O 2 into O 2 À . This model is highly probable when the concentration of Cr vacancies is high. In contrast, if the concentration of Cr vacancies is relatively low, the overlap of the molecular orbitals is expected to be insufficient. Then, the electrons can hop from one acceptor site to another, arriving at the band edge. This is model B. Model C assumes the thermal excitation of ''trapped/accumulated'' electrons at acceptor levels to the conduction band. This transition requires an activation energy of about 3:8 Â 10 À19 J (2.4 eV). In the actual system, models A, B, and C are presumably operative in parallel, rather than as one particular mechanism.
The above models, however, scarcely discuss the relative position of the valence and conduction bands to the oxidation/reduction levels of oxidants and reductants. This point should eventually be clarified in order to rationalize our model. Especially, the O 2 /O 2 À reduction in models A and B seems to be difficult due to a relatively large potential barrier for the reduction to occur if the O 2 /O 2 À level lies near the band edge of the conduction band. However, it should also be considered that the VOC decomposition proceeds at high temperatures of 350-500 C and thus the reaction species can appreciably surmount the barrier (i.e. activation energy: E a ) with a probability of expðÀE a =kT).
Conclusions
Cr 2 O 3þx has been investigated as an alternative material to TiO 2 for VOC decomposition. Toluene decomposition starts at approximately 250 C and is completed at approximately 350-400 C. The honeycomb units as well as the powdered system exhibit excellent VOC decomposition performance. The green color of Cr 2 O 3þx is tentatively interpreted as being due to the V-center based on Cr vacancies. The V-center thermally degraded at approximately 300 C to become a deep acceptor level. The electron population at acceptor levels increases with increasing temperature. Above about 300 C, the ''trapped/accumulated'' electrons at acceptor levels start migrating toward the surface of Cr 2 O 3þx . At this moment, both electrons and holes participate continuously in reduction and oxidation reactions at the surface, respectively. On the basis of the presence of Cr vacancies and the temperature dependences of electrical conductivity and Seebeck potential, we proposed the three plausible band schemes.
